ABSTRACT: The neutral axis (NA) for a beam with isotropic, homogeneous material coincides with the geometrical centroid of the cross section. For wood beams, it is often assumed that the NA is at the centroid of the beam as well. Wood, however, is neither isotropic nor homogeneous. A multitude of anatomical features such as grain direction, grain pattern, knots, and so on provide wood with its orthotropic properties and in turn cause deviations in the location of the NA from the centroid of the beam. Knowledge of the true location of the NA would help one gain a better understanding of the mechanical behavior of wood beams. The objective of this study was to continue developing a protocol to optically analyze the NA in wood beams. Moreover, this study characterized the changes in the location of the NA with the presence of single and multiple knots in the beam. To characterize the location of the NA and its subsequent movement due to the presence of knots, a digital image correlation technique was applied to full-size lumber beams, which were loaded in flexure. The NA location was determined using longitudinal strain plots. The location and movement of the NA varied greatly between specimens and was affected by different patterns and types of knots in those specimens. In this testing, the average location of the NA in a nominal 2 Â 4 clear beam was 50.7 % of the depth above the tension side. With multiple knots, the results revealed more complex, qualitative behavior. In some beams the knots in tension and the knots in compression had very nearly equal effects on the NA and, in fact, offset each other with very little movement in the local location of the NA. In other cases, when the knots were placed close together longitudinally, the NA showed little to no movement. This work marks significant progress in developing a protocol for optically understanding the effect of knots on the NA and can be used for other beam sizes and species.
Introduction
The neutral axis (NA) is the location in the cross section of a beam where the magnitude of the longitudinal stress is zero. When a beam is bending, a portion of the cross section will experience tension while the portion opposite the NA experiences compression. The NA is the interface between the compression and tension zones and is a point of zero axial stress [1] . In isotropic, homogeneous materials, the tension and compression stiffnesses of the material are the same. Consequently, the areas of the beam cross section carrying tensile and compressive stresses are such that the NA location coincides with the geometrical centroid of the cross section [2] . For wood beams, it is often assumed that the NA is located at the centroid of the beam; however, in reality, this is not the case [3] [4] [5] . Variations in material properties in terms of tension and compression and biological features such as knots and grain angle make wood neither homogeneous nor isotropic.
Wood is an orthotropic material with unique and independent properties in three mutually perpendicular directions [6] . The tensile modulus and strength of a small clear specimen are greater in wood than the compressive modulus and strength, respectively, whereas in solid sawn lumber the relationships are reversed because of the natural characteristics (knots, etc.) of the full-size sections [6] [7] [8] . The compressive and tensile moduli of wood are significantly different, with the compressive modulus being lower than the tensile modulus for clear specimens [6] . The differences in compressive and tensile properties for solid sawn lumber have a significant effect on the position of the NA when it is calculated using composite beam theory. Kollmann and Cote [9] show that when the tensile modulus is larger than the compressive modulus, the NA is located on the tension side of the beam (below the centroid of a simply supported span with loading from the top), and when the compressive modulus is greater than the tensile modulus, the NA is located on the compression side.
Kollmann and Cote [9] , in 1968, derived a relationship between tensile and compressive strengths and the location of the NA for an idealized trapezoidal stress distribution in a wood beam subjected to bending. The equation is as follows:
where:
m ¼ r cb =r tb ; r cb ¼ compressive strength, r tb ¼ tensile strength, x ¼ distance from the top of the beam to the NA, and h ¼ depth of the beam. Because of the different tensile and compressive strengths, the NA is expected to be below the centroidal axis in a clear piece of wood. By rearranging Eq 1 to compute strains for a trapezoidal stress distribution, we get
in which e c and e t represent, respectively, the bending compression and tensile strain at the extreme fibers in the beam. Wood and reinforced concrete are both nonhomogeneous materials with different tensile and compressive properties. Consequently, comparisons drawn from reinforced concrete beams are helpful. Lopes and Bernardo [10] studied the movement of the NA in high-strength concrete beams in pure bending with various reinforcement ratios. They reported that as the longitudinal tensile reinforcement ratio increased, the depth of the NA decreased. In other words, the NA rises up away from the centroid of the beam as cracks develop and the steel begins to yield. Similarly, in wood, Betts et al. [4] tested 25 mm Â 25 mm Douglas-fir samples in third-point bending to characterize the location of the NA using optical methods. The NA moved closer to the top of the beam (tension side) in the presence of a tension knot and closer to the bottom of the beam in the presence of a compression knot [4] . The NA in a clear beam followed the idealized stress distribution defined in Ref 9 and stayed very near the center of the beam. Average locations of the NA (as a fraction of the beam depth from the bottom of the beam) were 0.462, 0.564, 0.222, and 0.715 for the clear specimen, center knot specimen, specimen with compression knot, and specimen with tension knot, respectively. The NA in the clear wood beam did not seem to move away from the centroidal axis much during loading, although it was expected that the NA would fall just below the centroidal axis after reaching the proportional limit. The NA for the clear beam ranged from 0.457 to 0.474 of the beam depth from the bottom. The beam failed with a tension crack at a total load of approximately 4.08 kN, and the NA did not move away from the centroidal axis much even after it reached the proportional limit.
Davis et al. [5] extended the investigation by Betts et al. [4] by exploring different wood species and testing larger, nominal 2 Â 4 (39 mm Â 89 mm Â 2430 mm) beams using digital image correlation (DIC) techniques. The tests described in Ref 5 include one specimen for each species of clear wood, small-scale beams with tension and compression knots, and specimens for each type of knot and clear grain in the nominal 2 Â 4 beams. As expected, the NA moved away from the knots in both small-scale and full-scale beams. Despite variations in species, all NAs of the 25 mm Â 25 mm small-scale beams tested were consistently located below the centroid of the beam. The range of locations varied from 1 to 2.5 mm below the centroid (half-depth) of the beam. Betts et al. [4] found the NA to be approximately 1.1 mm below the centroid of the beam. The small variation between the species is due in part to the different values of their tensile and compressive moduli of elasticity and is within the limits of experimental variation. The results for beams with knots were consistent with the results obtained by Betts et al. [4] . With a knot in the tension zone, the NA shifted upward and was found to be 3 mm above the centroid. With a knot in compression, the NA shifted down as expected and was approximately 2.5 mm below the centroid of the beam. Additionally, Davis et al. [5] provide insight into development of the NA qualitatively through image analysis of the data obtained. The authors suggest that the NA in wood is not observed as a clearly defined line initially; rather, it is a zone that becomes better defined as greater loads are reached.
Thus, the experimental evaluations [4, 5] suggest that the common assumption that the NA is at the centroid of the beam does not hold true for wood beams. Although Davis et al. [5] investigated the DIC technique for NA determination in full-scale beams, the test was limited to four samples. As a result, further investigation is needed to determine the robustness of optical techniques using DIC principles to measure NA and thereby gain a better understanding of the mechanical behavior of wood beams. DIC is a full-field non-contact technique for the measurement of displacements and strains. The setup in this study consisted of a pair of cameras arranged at an angle so as to take stereoscopic images of the area of interest. A summary of the DIC setup and procedure is provided here; for more background on DIC, the reader is directed to the work of Sinha and Gupta [11] . In the past two decades research has demonstrated its suitability for analyzing stresses and the corresponding strains in the context of various problems for wood-based materials [4, [11] [12] [13] [14] [15] [16] [17] [18] . Additionally, its repeatability has also been investigated [11, 12] . The research in this study has been extended here to examine the location of the NA in more complex wood beams with multiple knots using DIC. Specifically, the objectives of the study were as follows:
1. to continue to develop a test protocol to analyze the NA of wood beams optically, and 2. to study the behavior of the NA of 38 mm Â 89 mm (nominal 2 Â 4) beams with multiple knots.
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Materials and Methods
Full-size Lumber
Ten Douglas-fir 38 mm Â 89 mm beams 2440 mm in length with multiple knots (Fig. 1) , equilibrated at a 12.4 % moisture content, were obtained. The beams were straight, free of warp, and free of any processing defects. The objective was to select beams for use in examining different configurations and sizes of knots. We attempted to find pairs of beams that contained similar patterns of knots. Having pairs with similar characteristics would likely produce similar strain patterns and therefore aid in drawing conclusions concerning the location of the NA of wood beams containing multiple knots. The first specimen, with a relatively straight grain angle and no knots, was chosen as a control specimen [ Fig. 1(a) ]. The second was selected because of its interesting distribution of several knots directly in the center of the beam [ Fig. 1(b) ]. Then four different pairs of beams were chosen because of their similar characteristics. The different pairs were organized as specimens 3 and 4, specimens 5 and 6, specimens 7 and 8, and specimens 9 and 10. Two specimens containing two knots in tension and one in compression 1(e) and 1(f)] were also identified. One of these pairs was chosen with a random array of small knots, and the others contained a similar distribution of knots in the area of interest. Knots ran perpendicular to the wide face of the wood beam. Specimens were carefully selected based on knots on one side. The study did not control for any through-thickness variation of knots or knots on the back side. Knots provide a point or region of weakness in the beam and govern failure, and as a result, specimens selected based on knots on one side would be sufficient to answer the questions in this study. Pairs similar to each other were selected to show how sensitive the 
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results were to small changes in the knot configurations. This study is part of ongoing efforts to develop a robust test and analysis protocol to determine the effect of natural variations on the NA of a wooden beam. Only a small number of specimens were chosen for qualitative observations in this preliminary investigation of the behavior of the NA, as opposed to confidently determining trends.
Test Setup
Static four-point bending tests were carried out on an INSTRON 5582 universal testing machine to explore the behavior of the NA in wood beams with multiple knots (Fig. 2) . A constant span-todepth ratio of 12 was maintained for all of the 38 mm Â 89 mm specimens, as recommended in ASTM D198 [19] . The specimens were simply supported and loaded using a rounded load head on the narrow face by two equal, concentrated forces spaced equidistant between the supports. The specimens were loaded at a rate of 5 mm/min until the load reached 9 kN, unless failure occurred earlier.
Digital Image Correlation
To determine the approximate location of the NA of the wood beams, DIC techniques were used [20] . The test beams were sprayed with a coat of white paint and then overlaid with a speckled pattern of black paint. The setup consisted of a pair of cameras arranged at an angle so as to take stereoscopic images of the area of interest, as shown in Fig. 2 .
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The cameras gathered images at a specified rate of 30 images per minute as the specimen was loaded. The time interval between images was selected after preliminary trials such that the specimen did not deflect too much between images, which would make it difficult for the software to track and process the speckle pattern. VIC-3D software [20] was used to analyze the images and produce plots of the longitudinal strain in the beams with the NA corresponding to the locations of zero longitudinal strain. The cameras were set up so that each camera was at an angle relative to the specimen. In addition, the angle between the cameras was 35
, which is within the manufacturer's recommendation of 30 to 60 to ensure optimum data collection [20] . The cameras were mounted on a tripod to ensure that they would remain motionless as the tests were conducted, and they were set at approximately the same height as the test specimen, as seen in Fig. 2 . The lighting in the test room was configured such that both cameras experienced the same brightness, so the program was able to relate the two images. Once the cameras were set up, a calibration was run using a target, which allowed the cameras to adjust for the distance and angle between them and the specimen.
Analysis
Prior to testing of the beams, the dimensions were recorded with digital calipers to an accuracy of 0.01 mm. All tests were run and the data were processed using VIC-3D software. First, the images for each test were collected in the program. Then, an area of interest (AOI) was defined for the program to use in its analysis. The only data points analyzed were the ones contained within the specified AOI. The AOI was the full width of the beam (89 mm) and the length of the beam between the loading points (457 mm). This AOI was selected using a rectangular section as shown in Fig. 3 . The AOI should not be too large or contain too much data for the analysis, and it is important to find an area with a distinct speckle pattern that is free of large spots of paint. Once the AOI was defined, the software calculated principal stresses, deflection, and strains in all three directions as the specimen was loaded. A contour plot of the longitudinal strain was then produced to determine the approximate location of the NA (Fig. 4) . The depth of the beam as reported by DIC was within 2 % of the actual depth for all beams. The data acquisition system was further validated using a steel beam 25 mm Â 50 mm with a 1.65 mm wall thickness for comparisons of results with a homogeneous specimen. The results show a close match with theory, in that the NA of the steel beam was very near the center (52 % of the depth) of the beam [5] . The difference from the theoretical result of 50 % is attributed to slight imperfections in the steel and asymmetries in the beam.
FIG. 3-Area of interest for DIC.
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Results and Discussion
Effect of Multiple Knots on Neutral Axis of Dimension Lumber: 38 mm Â 89 mm (Nominal 2 Â 4) Beams
Building on the preliminary investigations [4] and the initial results from the testing of dimension lumber [5] , the more complex effects of multiple knots in nominal 2 Â 4 Douglas-fir beams were explored. The specimens contained different combinations of knots located in the tension zone, compression zone, and center of the beam as shown in Fig. 1 . The AOI was the full depth of the beam (89 mm) and the length of the beam between the two loading points (457 mm). Before testing was performed, characteristics of each beam, such as the grain angle and the percentage of sapwood, were recorded, and these are presented in Table 2 . The average moisture content of all the specimens was 12.4 % as measured per ASTM D4442 [21] . The location of the NA for each of the specimens is shown in Table 2 . Each specimen is discussed, qualitatively as well as quantitatively, in more detail below. Results are provided for testing at 3, 6, and 9 kN of total applied load on the beam whenever possible within the strength of the beam.
Clear Beam: Specimen 1 [ Fig. 1(a) ]
Results for the location of the NA in the clear beam were very nearly what were expected and close to those obtained in previous testing [5] . The location of the NA as a fraction of the depth, from the bottom of the beam, varied between 0.400 and 0.587 along the beam for the maximum applied 
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load of 9 kN. The average location of the NA in the clear beam at this loading was at 0.507 of the depth, above the bottom (tension side) of the beam. Figure 4 shows the longitudinal strain contour plot and a graph showing the location of the NA, all at a 9 kN load. As the load increased from 3 to 9 kN, the average location of the NA varied, but only slightly. These results are consistent with those reported by Davis et al. [5] for the location of the NA at approximately 54 % of the depth of the beam, measured from the tension face. The NA was expected to be located slightly higher than the centroid of the beam, which is different from the results for the clear 25 mm Â 25 mm beams [4, 5] , in which the NA was slightly below the centroid. The specimen geometry (square 25 mm Â 25 mm small beams versus 38 mm Â 89 mm beams) should not affect the centroid's location at mid-depth; however, this location applies strictly only if the material is isotropic and homogeneous, and wood is neither. Specifically, the NA in small, clear beams is below the centroid, whereas in larger beams, it is above it [5] . For the 25 mm Â 25 mm clear (free from defects) beams, MOE tension > MOE compression , so the NA is expected to be lower than the centroid. For larger wood beam sizes, because of the biological variations and defects, the opposite is true (i.e., MOE tension < MOE compression ), and thus the NA is located above the centroid.
Beam with Knots
Knots, regardless of type, are stiffer than the surrounding wood both in tension and in compression. Moreover, the slope of the grain is changed in the vicinity of the knot and induces tension perpendicular to the grain loading in many applications. Wood is the weakest in that loading orientation [6] . Thus, the presence of a knot changes the compressive and tensile stiffness of the material, which in turn influences the location of the NA. The minimum and maximum position, along with the average NA height of the beam, are presented in Table 2 at 3, 6, and 9 kN (or failure). A general trend in the movement of the NA is observed. The position of the NA depends on the tensile and compressive stiffness of the material. Full-size wood beams are weaker and less stiff in tension and stronger and stiffer in compression; as a result, more cross sectional area is required in order for the beam to withstand bending-induced tensile stresses than for the equivalent compressive stresses. As a result, from a mechanics standpoint, the NA shifts upward toward the compression face of the beam. The NA also generally moves away from the knot [4, 5] . Davis et al. [5] reported that with the knot in compression, the NA was located 4.6 mm below the center of the beam, and 40 mm (Table 1) from the tension face, at about 45 % of the depth of the beam, similar to the results in Ref 4 for small, clear beams. The beams with a knot in tension, 2b and 4a, had average NA locations at 50.7 mm (6.1 mm above the centroid) and 52.5 mm (8.2 mm above the centroid), respectively, from the tension face, which is also consistent with the work of Betts et al. [4] . More specific discussion of the samples is presented in the following section.
Specimen 2
Specimen 2 contained a tight array of knots in the center of the AOI [ Fig. 1(b) ]. In this case, the NA initially stayed near the center of the beam as it passed through the knots, and the effects of multiple knots cancelled one another. At a loading of 6 kN, the minimum height of the NA was at 0.435 of the depth above the bottom of the beam, and the maximum height was at 0.576 above the bottom of the beam. The average location of the NA was calculated as 0.512 of the depth from the extreme tension fiber. At a load of 7 kN (just before failure), the NA moved up significantly toward the compression zone.
Specimens 3 and 4
Specimens 3 and 4 were chosen as a pair based on some similarities in knot distribution. Specimen 3 contained a tight (apparently intergrown) knot in compression, a loose (apparently encased) knot in compression, and a tight knot in tension. Specimen 4 contained a tight knot in compression, a tight knot in tension, and a tight knot near the center of the beam. The positions of the knots in specimen 3 were close to each other along the length of the beam [ Fig. 1(c) ]. It was expected that the location of the NA would move up or down when it was in the vicinity of a knot. It was found, however, that the knots did not have a large effect on the location of the NA in specimen 3. Because the knots were located in both tension and compression zones, the NA stayed very near the center of the beam. Under a load of 9 kN, the maximum height of the NA was at 0.540 of the depth above the bottom of the beam, and the minimum height was 0.398 above the bottom. The average height of the NA in this specimen, along the AOI and for a loading of 9 kN, was at 0.490 of the depth above the extreme tension fiber.
Relative to those for specimen 3, the results for specimen 4 [ Fig. 1(d) ] were much closer to what was expected with this type of knot pattern. The NA showed a response to each of the tension and compression knots as it moved away from them in the local area, which is consistent with the results presented in Ref 5. The NA moved farther into the compression zone for the center knot and the knot in tension and moved toward the tension zone for the knot in compression. The maximum height of the NA at 6 kN was 0.696 of the depth above the bottom of the beam, and the minimum value was 0.353 above the bottom of the beam. The NA began very near the center of the beam on one side of the AOI and then moved up into the compression zone as it approached a knot in tension. It then moved downward as it passed the knot in compression. Once past the tension knot, the NA seemed to settle to a location just below the center of the beam as it passed the center knot and continued on to the other side of the AOI. Failure occurred at 7.5 kN.
The differences between the results for specimens 3 and 4 can be explained by the knot distributions along the lengths of the beams. The knots in specimen 3 were closer together, which made them more likely to have offsetting effects. The knots in specimen 4 [ Fig. 1(d) ] were farther apart, which caused them to act more independently of one another. The failure of specimen 4 was typical tension failure initiated at the knot. The one knot in tension was bigger in size than other knots, and as a result it governed the failure pattern of specimen 4. Specimens 5 and 6 Specimens 5 and 6 contained an array of randomly placed small knots [Figs. 1(e) and 1(f)]. These were tight knots, and as expected they did not affect the location of the NA a great deal, and the results were very similar to those of a clear beam. At the highest loading stage of 9 kN, the maximum value above the bottom of the beam for specimen 5 was at 0.596 of the depth, and the minimum value was at 0.428. The average fraction of the depth away from the extreme tension fiber was 0.538 over the AOI at 9 kN. The observed greater deviation from the center of the beam relative to the clear specimen could be attributed to other factors affecting the location of the NA, such as the grain angle.
Specimen 6 responded very similarly to specimen 5, as expected. At 9 kN, the minimum height of the NA was at 0.422 of the depth from the bottom of the beam, and the maximum height of the NA was at 0.590 from the bottom of the beam. The average location of the NA in the AOI was at 0.525 above the extreme tension fiber for a loading of 9 kN. The NA stayed very near the center throughout the length of the beam for both specimens in the pair, showing that small, tight knots have little effect on the location of the NA.
Specimens 7 and 8
When this pair was chosen, it was thought that specimens 7 and 8 might be the two that most closely resembled each other in terms of their knot distribution patterns. Both of the specimens contained a tight knot in compression, a loose knot in compression, and a tight knot in tension, with a similar distribution pattern. However, the two beams responded completely differently to the loading [Figs. 1(g) and 1(h)]. Specimen 7 failed at a load of 5.2 kN, whereas specimen 8 resisted the last stage of loading at 9 kN. Not only were the ultimate strengths of the two beams different, but the location of the NA was different as well. The NA for specimen 7 responded only slightly to the knots as it moved down around the knot in compression, up around the tension knot, and back down away from the second knot in compression. At a load of 3 kN, the maximum height of the NA in specimen 7 was 0.632 of the depth above the bottom of the beam, and the minimum height was 0.311 from the bottom. The average location of the NA in the AOI was 0.520 of the depth from the extreme tension fiber at 3 kN. The failure of specimen 7 was governed by the large compressive knot. In the vicinity of a knot, bending induces tension perpendicular to the grain loading, which causes localized failure. The failure of specimen 7 was governed by the large knot, similar to specimen 4, which had a similar-sized knot in the tension zone. These two were the only specimens with fairly large knots, and they failed before a 9 kN load was reached. Knot sizes, therefore, govern the behavior of beams and the position of the NA, a finding that needs to be investigated further.
The NA moved as expected in specimen 8: toward the tension zone for the knots in compression, and toward the compression zone for the knot in tension. In the area near the loose knot in compression, the NA moved distinctly toward the tension zone, reflecting the substantially greater amount of strain in the area surrounding the loose knot. At 9 kN, the maximum fraction of the depth of the NA in the AOI above the bottom of the beam was 0.627, and the minimum was 0.329. The height of the NA throughout the AOI at 9 kN was 0.506 and was very near the center of the beam. This did not reflect the overall local movement of the NA as it moved around the different knots, which can be observed in the maximum and minimum height values in Table 2 .
Specimens 9 and 10
Similarities between specimens 9 and 10 were that both contained a tight knot in tension and a tight knot in compression. Differences were that in specimen 9 [ Fig. 1(i) ] the knots were located very close to each other over the length of the beam, whereas in specimen 10 [ Fig. 1(j) ] they were spaced much farther apart. This distinct difference turned out to be very important when considering the knots' effect on the location of the NA. In specimen 9 there was very little movement of the NA as it passed by the knots; the knots were very similar and had similar, offsetting effects on the NA. For a loading of 9 kN, the maximum fraction of the depth of the NA above the bottom of the beam was 0.585, and the minimum was 0.462; the average height of the NA was 0.514 above the extreme tension fiber. Specimen 10 responded quite differently. The NA began near the center of the beam on one side of the AOI and tended to move upward into the compression zone as it neared the knot in compression (Fig. 5) . Large strains developed in the knot in tension, indicating that it might have been looser than was originally thought. After it passed the tension knot, the NA began to fall sharply into the tension side of the beam as it approached the compression knot, as expected. The knots in specimen 10 were spread farther apart than those in specimen 9, so that the effects of the two knots did not offset each other and instead caused the location of the NA to move. At 9 kN, the maximum height of the NA above the extreme tension fiber was 0.718 of the depth, and the minimum height was 0.425. The average location of the NA over the AOI was 0.574 above the extreme tension fiber with a load of 9 kN.
Development of the Neutral Axis
Strain data were generally taken at three different levels of loading-3, 6, and 9 kN-whenever the strength of the beam specimen permitted. This progression of loading allowed an examination of the longitudinal strain contours and the movement of the NA as the beam approached its ultimate strength. It is clear from Fig. 6 , showing specimen 8, that strain contours reveal a clearer, more well-defined image of the NA as the load is increased. Specimen 8 has two tight knots in compression and a tight knot in tension. Note that the figure shows the beam upside-down, with the tension side at the top of the figure. Davis et al. [5] report that in their work the NA developed as a region, as opposed to the line observed in our results. There are two reasons for this. First, Davis et al. [5] were among the first to use DIC to evaluate the NA of full-size beams. The strain limits used and the subsequent results made us confident about using coarser resolution without compromising the accuracy of the system [5] . Second, we had multiple knots in our beams, which are potential stress concentrators leading to increased localized strains. To capture both the effect of knots and the location of the NA in the same frame, a coarser resolution was required. The qualitative and quantitative results (presented above) together mark significant progress in the development of a protocol for optically understanding the effect of knots on the NA and can be used for other beam sizes and species.
Conclusions
The location and movement of the neutral axis (NA) varied greatly between specimens and was affected by different patterns and types of knots in those specimens. In some beams the knots in tension and the knots in compression had very nearly equal effects on the NA and in fact offset each other with very little movement in the local location of the NA. 
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Copyright In comparing these results to previous work by Betts et al. [4] and Davis et al. [5] , we find many similarities, but several important differences as well. The earlier works explored wood beams containing only a single knot, instead of a pattern of knots at different locations along the length of the AOI. They found that as the load was applied to the beam, the NA would move away from the knot. They also found that in clear 25.4 mm Â 25.4 mm (1 in. Â 1 in.) beams, the average height of the NA was slightly below the centroid of the beam (on the tension side).
In this test, the average location of the NA in the nominal 2 Â 4 clear beam was 50.7 % of the depth above the tension face (slightly in the compression zone). Davis et al. [5] found in their testing of nominal 2 Â 4 clear beams that the NA was 54 % of the depth of the beam away from the tension face. It was interesting to find the NA on the compression side of the nominal 2 Â 4 clear beam rather than on the tension side for the 25.4 mm Â 25.4 mm (1 in. Â 1 in.) clear beams. The small differences relative to the findings of Davis et al. are attributed to subtle differences in grain angle and other characteristics in the two "clear" beams.
Previous testing showed consistent movement in the average location of the NA for beams with a single knot; the NA would move away from the knot [4, 5] . With the multiple knots explored in this paper, the results revealed more complex, qualitative behavior. Sometimes the effects of multiple knots offset one another and tended to "average" the location of the NA toward the center of the beam, and the NA would move away from a compression knot and then away from a tension knot, showing only a minor net average movement of the NA over the span of the beam. In other cases, when the knots were placed close together longitudinally, the NA showed little to no movement. The study successfully showed the application of DIC-based optical techniques to identify and track the NA during loading in beams with complex knot arrangements. Quantitative studies of the movement of the NA in the vicinity of single and multiple knots are needed in future work.
